Glial cell line-derived neurotrophic factor (GDNF) mRNA is highly expressed by dental pulp cells (DPCs) prior to the initiation of dental pulp innervation. We show that radioactively labelled exogenous GDNF is retrogradely transported from neonatal teeth and vibrissae to the trigeminal neurons, indicating that GDNF acts as a classical neurotrophic factor in the trigeminal system. We also show that DPCs from both rats and humans produce nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and GDNF mRNAs in vitro, promote the survival and phenotypic characteristics of embryonic dopaminergic (DA) neurons and protect DA neurons against the neurotoxin 6-hydroxy-dopamine (6-OHDA) in vitro. By using inhibitory antibodies to NGF, BDNF and GDNF, we show that the promotion of DA neuron survival relates to the production and release of neurotrophic proteins by DPCs in vitro. We suggest that in vivo production of neurotrophic factors by DPCs play roles in tooth innervation. However, continued production of neurotrophic factors by the DPCs might have wider implications. We propose that the dental pulp is a viable source of easily attainable cells with possible potential for development of autologous cell transplantation therapies. We also show that a population of neural crest-derived dental pulp cells acquire clear neuronal morphology and protein expression pro®le in vitro, indicating the presence of a cell population in the dental pulp with neuronal differentiation capacity that might provide additional bene®ts when grafted into the CNS.
Introduction
The neural crest gives rise to a wide range of tissues in the craniofacial region. One such tissue is the dental pulp. The timing of dental pulp innervation coincides with up-regulation of neurotrophic factor expression by dental pulp cells (DPCs). Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) mRNA transcripts are highly up-regulated in the dental pulp Luukko et al., 1997a; Luukko et al., 1997b; Nosrat et al., 1997a; . NGF has been shown to play important roles in tooth innervation (Qian & Naftel, 1994 and both NGF-and NGF-receptor TrkA-knockout mice (Byers et al., 1997; Matsuo et al., 2001 ) exhibit severe de®cits in tooth innervation. However, the roles of GDNF in tooth innervation are not clear. While GDNF most probably acts as a target-derived neurotrophic factor for substantia nigra dopaminergic (DA) neurons (Tomac et al., 1995b; Ai et al., 2003) , a similar role for GDNF in the trigeminal system requires documentation of speci®c transport of GDNF from the sites of synthesis in the target ®elds to the nerve cell. Two such target ®elds in the trigeminal system that have been shown to synthesize GDNF are developing teeth and vibrissae .
The same neurotrophic factors that are produced by the DPCs have been shown to have crucial in¯uence over neurons of the central nervous system (CNS), such as motoneurons or DA neurons of the substantia nigra (Hefti, 1986; Williams et al., 1986; Oppenheim et al., 1992; Sendtner et al., 1992; Yan et al., 1992; Henderson et al., 1994; Tomac et al., 1995a; Gash et al., 1996) . We have shown that DPCs promote the survival of two different classes of neurons, sensory neurons of the trigeminal ganglion and motoneurons of the spinal cord, by providing them with neurotrophic support (Nosrat et al., 2001) . Grafting DPCs also promotes the survival of injured motoneurons in an animal model of spinal cord injury (Nosrat et al., 2001) . Here, we aimed to evaluate whether DPCs would promote the survival of DA neurons.
It has recently been shown that the dental pulp contains a population of multipotent stem cells with the capacity to differentiate into several different cell lineages in vitro and in vivo, including glial and nerve cells (Gronthos et al., 2000; . Strict criteria must be met to recognize such cells as neurons. These criteria include morphological analysis, presence of speci®c neuronal markers, and assessment of electrophysiological properties. Adult neuronal stem cells may provide new approaches for an autologous treatment of disease and tissue repair in the nervous system.
In the present study, we show that GDNF is retrogradely transported to the trigeminal neuron cell bodies from vibrissae and teeth. We also demonstrate that DPCs promote the survival and the dopaminergic phenotype of DA neurons, and protect them against the neurotoxin Human GDNF protein (a kind gift from Amgen, Thousand Oaks, CA, USA) was labelled with Iodine-125 using Bolton & Hunter reagent (Amersham Biosciences, Piscataway, NJ, USA).
125 I-GDNF had a speci®c activity of 161 mCi/nmol. Fifty nanograms of labelled GDNF protein in 2 mL of PBS solution was used for each injection. 125 I-GDNF in 100-fold concentration of cold GDNF was used as control. Postnatal day (P)1, P3 and adult female 250-g Sprague±Dawley rats were used in the experiments. Procedures were approved by the Ethics Committee, Stockholm, Sweden. P1 rats (n 6, two controls) received two injections of 125 I-GDNF and the control solution subcutaneously in the right side vibrissae. One injection per P1 rat pup (n 6, two controls) was also made in the area of the inferior alveolar nerve.
125 I-GDNF and the control solution were also injected into the maxillary teeth of P3 rat pups (n 6). These injections targeted the dental pulp in the maxillary teeth. Mineralized tissues in developing teeth at this stage do not prevent penetrating the dental pulp with the needle, and the needle was progressed into the teeth to reach the pulps. It is, however, possible that solutions might also have leaked into the surrounding dental follicle area and thus to the mechanosensory and somatosensory nerve ®bers in the periodontal membrane. Adult rats (n 6) received ®ve injections each of 50 ng of labelled GDNF and the control solution. Animals were anaesthetised with nembutal (200 mg/kg body weight) and killed after 24 h and perfused with 4% paraformaldehde in PBS. Cryostat sections (14-mm-thick sections) of trigeminal ganglia (and the site of injection) were mounted on gelatin-coated slides. Slides were dehydrated, dried, dipped in photographic emulsion (Kodak NTB-2) and exposed for 5±6 weeks at À20 8C. Slides were subsequently developed (Kodak D19 developer) and counterstained with Cresyl Violet. Slides were evaluated and the number of trigeminal neurons with strong accumulation of silver grains were counted using a Nikon microscope. Counts were performed on every third slide and images recorded (Nikon EXM1200 digital camera).
RNA isolation, cDNA synthesis and RT-PCR
Sprague±Dawley rats (Charles River, Willmington, MA, USA) were used in all experiments for obtaining rat cells. Procedures were approved by the Institutional Animal User Committee (IAUC) at the University of Michigan. Dental pulp tissue from 6±8-day-old rat pups were used. The reasons for choosing this particular age are discussed elsewhere (Nosrat et al., 2001) . Dental pulps were dissected, placed in a sterile Petri dish containing ice-cold Dulbecco's modi®ed Eagle's medium and Ham's F12 nutrients (DMEM/F12), 5% fetal bovine serum (FBS; Gibco BRL), L-glutamine (2 mM), penicillin (100 U/mL), streptomycin (100 mg/mL), amphotericin (2 mg/mL) and gentamicin (50 mg/mL). Tissue pieces were mechanically dissociated and washed twice with Earl's balanced salt solution (EBSS) without calcium or magnesium. Tissue fragments were then trypsinized for 20±30 min with 0.25 mg/mL trypsin, and were further mechanically dissociated with ®re-polished Pasteur pipettes, and seeded (% 10 5 ) on poly-D-lysine (100 mg/mL)-treated¯asks and glass chamber slides (Falkon). DPCs that had been subcultured at least twice were used in these experiments. Cultures were kept in a humidi®ed incubator at 37 8C with 95% air and 5% CO 2 , and the medium was changed every 2 days. Human DPCs were obtained from patients undergoing routine extractions of third molars (18±30 years of age, both males and females) in the clinics of the Department of Oral Surgery and Medicine, University of Michigan, Ann Arbor, Michigan, USA. The use of human tissue was approved by the human Institutional Review Board at the University of Michigan. A relatively large amount of tissue is obtained from a single extracted tooth. Dental pulps were dissected from extracted teeth and placed in culture medium (as above but containing 20% FBS) on ice. Human dental pulp tissue was mechanically minced and plated onto poly-D-lysine (100 mg/mL)-treated¯asks. Con¯uent cultures were subcultured by trypsinization. Cells used in these experiments had been passaged at least three times.
Human and rat dental pulp cell total RNA was prepared using Trizol reagent (Invitrogen) according to the manufacturer's recommendations. Total RNA was treated with DNase (RQ1 DNase, Promega, 1 h) prior to reverse transcription. First and second strand cDNA synthesis was performed using the SuperScript double-stranded cDNA synthesis system (Invitrogen). Five hundred nanograms of both human and rat dental pulp cell cDNAs were used in each PCR reaction and no cDNA was added to the control PCR reactions. H , from GenBank Accession number NM_170732. The reactions were preincubated in a PCR Mastercycler Gradient (Eppendorf) at 94 8C for 2 min and then cycled 30 times at 94 8C (20 s), 52 8C (20 s) and 68 8C (30 s) followed by a ®nal 4-min extension at 68 8C. All PCR products were sequenced at the University of Michigan DNA sequencing core to verify that correct DNA fragments had been ampli®ed.
Ventral mesencephalon (VM) dissection and coculture procedure
Timed pregnant Sprague±Dawley rats were obtained from Charles River breeders. The day on which the rats are sperm-positive (a detectable sperm plug) is designated the ®rst day of gestation (E1). To accurately estimate the age of the embryos, crown±rump length was also measured (Olson et al., 1983; Dunnett & Bjo Èrklund, 1992) . Fetuses were removed from pregnant females that had been asphyxiated with CO 2 . Fetuses were decapitated and brains were dissected. Using a lateral approach, the ventral mesencephalon was located and dissected (Dunnett & Bjo Èrklund, 1992) . VM tissue was then placed in a Petri dish containing ice-cold DMEM/F12 (Invitrogen), 5% FBS, L-glutamine (2 mM), penicillin (100 U/mL), streptomycin (100 mg/mL), amphotericin (2 mg/mL) and gentamicin (50 mg/ mL). Tissue pieces were mechanically dissociated and washed twice with Hank's balanced salt solution (HBSS) without calcium or magnesium. Tissue fragments were then trypsinized for 10 min with 0.1 mg/mL trypsin and were further mechanically dissociated with ®re-polished Pasteur pipettes. The cells were seeded on poly-D-lysine (100 mg/mL)-treated¯asks or 12-well plates (Falkon) alone (control) and/or with previously cultured DPCs as described above. Cultures were kept in a humidi®ed incubator at 37 8C with 95% air and 5% CO 2 . To prevent direct contact between DPCs and cells from the VM, tissue culture inserts with a pore size of 1 mm (Becton Dickinson, Franklin Lakes, NJ, USA) were used. In these experiments, DPCs were cultured in the inserts until con¯uency. Dissociated VM cells were then seeded into the 12-well plates that contained inserts with cultured DPCs. At different time intervals, VM cells were ®xed with 4% PFA in PBS, washed several times with PBS, blocked with a solution containing 5% heat-inactivated normal goat serum (NGS), 5% heat-inactivated normal horse serum (NHS), 5% bovine serum albumin (BSA) and 0.3% Triton-X in PBS. Cells were then incubated with antibodies to tyrosine hydroxylase (TH; Pel-Freez) in blocking solution overnight at 4 8C. Cells were subsequently washed with PBS and processed (VectaStain ABC Elite system; according to manufacturer's recommendations), and visualized (diaminobenzidine substrate kit; Vector Laboratories, Burlingame, CA, USA). Cells with clear labelling in each cell culture well were counted. The software package for the digital camera (Spot, Diagnostic Instruments, Sterling Heights, MI, USA) was used to measure cell size and the length of longest primary neurite on representative TH-positive cells. At least 10 cells were selected for each condition. However, this was not possible for VM cultures beyond 7 days, due to the scarcity of TH-positive cells present. The number of primary neurites was also counted on TH-positive cells. ANOVA followed by Student±Newman±Kuels multiple comparisons test (Instat 2.03, Graph Pad Software, San Diego, CA, USA) was used. ÃÃÃ P < 0.001, ÃÃ P < 0.01, and Ã P < 0.05. For the inhibitory antibody blocking studies, antibodies to NGF (R&D Systems), BDNF (Promega) and GDNF (R&D Systems) were used in concentrations recommended by the manufacturer. Cells were ®xed 4 days after antibodies were added to the culture medium and visualized as described above. BSA (1 mg/mL culture medium) was added to the control cultures.
Culture treatments with 6-OHDA and cell counts 6-OHDA (Sigma) was dissolved in water containing 0.1% ascorbic acid (Sigma). DPCs and cells from E14 ventral mesencephalon (which contain DA neurons) were plated onto 12-well plates for 24 h. After 24 h in vitro, cocultures of dental pulp and VM cells, and VM cells alone were given fresh culture medium (control) or culture medium containing 6-OHDA (5 mM or 10 mM). The toxicity of 6-OHDA and possible DA neuron protection by DPCs were determined by counting TH-positive cells as described above. TH-positive cells were counted using an inverted microscope at 10Â (Nikon Eclipse TE300). Experiments were performed with different conditions in triplicate at three different time points. ANOVA followed by Tukey's HD post hoc test (Instat 2.03, Graph Pad Software, San Diego, USA) was used.
Immunohistochemistry
Human and rat DPCs and rat VM cells were ®xed in 4% paraformaldehyde in PBS (PBS, 0.5 M NaCl, 0.01 M phosphate buffer, pH 7.2±7.4) for 30±60 min, washed with PBS ®ve times for 6 min, preincubated in a blocking solution of PBS containing 5% normal goat serum and/or normal horse serum and 5% bovine serum albumin and 0.3% Triton X-100 for 1 h, followed by overnight incubation with the different antisera in blocking solution. Antibodies against b-III tubulin (Covance), protein gene product 9.5 (PGP; Biogenesis Ltd., UK), growthassociated protein 43 (GAP-43; Chemicon International, Inc., Temecula, CA, USA), and glial ®brillary acidic protein (GFAP; Sigma), TH (Pel-Freez), S-100 and nestin (Chemicon International, Inc., Temecula, CA, USA) were used. Chamber slides or¯asks were subsequently washed four times in PBS, incubated for 1 h with biotinylated secondary antibodies followed by an avidin±biotin complex (Vectastain ABC Elite; Vector Laboratories, CA, USA). The peroxidase activity was visualized with diaminobenzidine (DAB) peroxidase substrate and Vector VIP kit (Vector Laboratories).
Cell nuclei labelling with bisbenzimide and striatal grafts of DPCs
In order to detect DPCs after being grafted into CNS in rats, DPCs were incubated for 30 min at 37 8C in complete darkness with a culture medium containing 10 mg/mL bisbenzimide (Sigma). The cells were rinsed many times with HBSS and twice with culture medium and kept overnight in an incubator. The following day, cells were washed several times, trypsinized and washed at least ®ve times with HBSS and twice in culture medium, resuspended and kept in regular culture medium in a concentration of 2 Â 10 5 cells/mL prior to grafting. We have successfully used this technique to label cells in culture or cells that have been grafted. Bisbenzimide is not toxic at this concentration as evaluated in cultures that have been kept for several months. The cells also retain their labelling for extended periods of time in vivo. We are aware of the phenomenon of lateral diffusion of the dye but ®nd that, using multiple stringent washes, excess bisbenzimide nuclear stain is rinsed off and labelling of adherent cells does not occur. Another important issue with regard to this labelling is that only cells with dense labelling in the nuclei are evaluated as positive. Anaesthetized (Nembutal, 30 mg/kg weight) adult female Sprague±Dawley rats received stereotactic (AP 0.0, ML 3.4, DV 5.0 mm) injections of bisbenzimidelabelled DPCs (5 mL of 2 Â 10 5 cells/mL) into right striata (n 6). Two animals received DPCs that had been ®xed in 4% PFA in PBS and washed ®ve times prior to grafting. Rats were killed with an overdose of nembutal (200 mg/kg body weight) and perfused with 4% PFA in PBS; brains were dissected and post®xed in the same medium for 2 h, cryopreserved in 10% sucrose in PBS, cryosectioned (14 mm thick) and mounted onto gelatin-coated slides. Slides were washed three times in PBS and mounted with coverslips with 1 : 1 glycerol±PBS. Bisbenzimide labelling was visualized with a UV ®lter.
Results

GDNF was retrogradely transported to trigeminal neurons
To investigate the possible neurotrophic role of GDNF in the trigeminal system, 125 I-GDNF was injected into whisker pads of neonatal and adult rats, into the developing maxillary teeth and into the area of the inferior alveolar nerve that supplies the innervation of the mandibular teeth.
125 I-GDNF coinjected with a 100-fold excess of nonlabelled GDNF served as control. No marked in¯ammation was seen in the injection sites in the vibrissae and moderate amounts of silver grains were located close to the injection sites (not shown). Strong accumulation of silver grains above trigeminal neurons indicated that 125 I-GDNF was retrogradely transported from the whisker pads in both neonatal (Fig. 1A±C ) and adult animals, and from neonatal inferior alveolar nerve and teeth (Fig. 1D±F ). There was a larger number of neurons labelled in neonatal trigeminal ganglia than in the adults (Fig. 1G) . No labelling was seen in control ganglia, indicating that nonlabelled GDNF selectively and successfully competes with 125 I-GDNF. Contralateral trigeminal ganglia did not contain any labelling. It has been shown that the receptor components for GDNF, GFR (GDNF family receptor)-a and Ret mRNA are expressed in the trigeminal ganglion and trigeminal nuclei in the brain stem (Nosrat et al., 1997b) . These ®ndings therefore suggest that GDNF may exert a classical neurotrophic effect in the trigeminal system and participate in tooth innervation.
Dental pulp cells produced neurotrophic factors in vitro
NGF, BDNF and GDNF transcripts are found in vivo in the rat dental pulp at the time of the onset of dental pulp innervation (Nosrat et al., 1998) . We have also shown that developing human teeth express neurotrophic factor mRNAs (Nosrat et al., 2002b) . In order to study whether these factors are expressed by DPCs in vitro, we used RT-PCR on total RNA isolated from both rat and human DPCs. Cultures were maintained from several weeks to months prior to RNA isolation. NGF, BDNF and GDNF mRNA transcripts were expressed by both rat and human DPCs in culture ( Fig. 2A and B) . The PCR fragments were sequenced and veri®ed. Control reactions were also negative. These results suggest that cultured DPCs have the ability to produce neurotrophic factors.
Dental pulp-derived neurotrophic factors promoted the survival of embryonic DA neurons
We tested the hypothesis that DPCs would produce neurotrophic factors in vitro and promote the survival of embryonic DA neurons by coculturing DPCs with embryonic DA neurons. DPCs signi®cantly promoted the survival of embryonic TH-positive neurons for up to I-GDNF was injected subcutaneously into the whisker pads (P1 and adult rats), into the area of the inferior alveolar nerve (inf. alv. nerve; P1 rats) and into the developing dental pulp (P3 rats). No labelling was seen in the contralateral trigeminal ganglion, or when 125 I-GDNF was injected together with a 100-fold excess of nonlabelled GDNF. Scale bar, 250 mm (in A for A, B, D and E). 3 weeks in culture (the latest time-point studied) compared to the control condition (Fig. 3) . When DPCs were cocultured directly with embryonic DA neurons, they promoted the survival of DA neurons by % 500% after 7 days and 1400% after 21 days compared to controls (Fig. 3) . In order to determine whether the DPC survival-promoting effect was due to production and release of soluble molecules, cultures were separated from each other. DPCs were cultured in cell culture inserts and DA neurons located in the bottom of 12-well plates. The inserts contained a porous membrane (1 mm) that allowed for exchange of soluble molecules but separated the cell culture compartments effectively from each other and prevented cells from different tissue sources from coming into direct contact. DPCs were separated from DA neurons by a relatively large biological distance (a few mm). Only a few TH-positive cells were found in control 21-day cultures. Soluble factors released by DPCs signi®cantly promoted the survival of DA neurons in cultures.
To determine the nature of the soluble trophic factors released by DPCs, inhibitory antibodies to selected neurotrophic factors were added to the culture medium. Cells of the ventral mesencephalon (VM) were plated directly on con¯uent cultures of DPCs. The same starting amounts of VM cells were added to each well. One hour later, the antibodies were added to the culture medium. Cells were ®xed after 4 days in culture and TH-positive neurons were counted. NGF, BDNF and GDNF antibodies all decreased the number of surviving DA neurons cocultured with DPCs compared to when no inhibitory antibodies were added to the cultures (Fig. 4) . This demonstrated that dental pulp-derived neurotrophic factors are indeed responsible for promoting the survival of embryonic DA neurons in vitro. A larger number of DA neurons survived when anti-NGF antibodies were added to the cultures alone than when anti-BDNF or anti-GDNF or all three antibodies were added to the cocultures. Addition of all three antibodies did not totally prevent the survival-promoting effects of DPCs, presumably in part due to the production of several additional potent neurotrophic factors by DPCs (unpublished results). For instance, members of he transforming growth factor-b family are essential for induction and maintenance of ventral mesencephalic dopaminergic neurons in vitro and in vivo (Farkas et al., 2003) .
Interestingly, DPCs had a wider biological effect on embryonic DA neurons than the mere promotion of survival. DA neurons that were cocultured with DPCs thrived well in the culture system (Fig. 5B, D and F) compared to the control DA neurons (Fig. 5A, C and E) . This was exempli®ed by a larger soma size, a larger number of primary neurites and an increased length of the primary neurites, indicating that DPCs promoted the dopaminergic phenotype of DA neurons in vitro (Fig. 5G±I ). There were only a few TH-positive cells present in 21-day control cultures while many were present in DPC±DA neuron cocultures. Twenty-one-day TH-positive neurons in the coculture experiments had several primary neurites [2.96 AE 0.20 (SEM), n 30] and the longest primary neurite was relatively similar to 7-day cultures (141 AE 17 mm, n 28 at 21 days, and 155 AE 12 mm at 7 days). Due to the massive loss of TH-positive cells under control conditions at 21 days, statistical analysis regarding phenotypes of TH-positive cells was not performed.
DPCs protected DA neurons against 6-OHDA
In order to study the possible neuroprotective effect of DPCs on DA neurons, we used a model system developed by Carrasco & Werner (2002) . VM cells were cocultured with DPCs and 6-OHDA was added to the culture medium. VM cells were cultured alone without DPCs as a control and two different concentrations (5 mM and 10 mM) of 6-OHDA were used to evaluate the dose-dependency of 6-OHDA toxicity. 6-OHDA did have the predicted detrimental effect on neurons in all cultures exposed to the toxin for 24 h (Fig. 6) . However, in the presence of DPCs, cocultures of DA neurons exposed to 6-OHDA survived in much greater numbers than those without DPCs (Fig. 6) . Thus, DPCs exerted a protective effect on DA neurons against 6-OHDA in this in vitro system.
Cultured dental pulp cells contained cells with neuronal phenotype
Cultured DPCs constitute a heterogeneous population that includes stem cells (Gronthos et al., 2000) . Our results demonstrate that both rat and human DPCs can differentiate into and maintain a neuronal Fig. 4 . Inhibitory antibodies to NGF, BDNF and GDNF were used to examine the nature of the soluble factors that are released by DPCs. All antibodies decreased the number of surviving DA neurons that were cocultured with DPCs compared to controls. A larger number of DA neurons survived when anti-NGF antibodies were added to the cultures alone than when anti-BDNF or anti-GDNF or all three antibodies were added to the cocultures (ANOVA followed by Bonferroni's post hoc test). The number of TH-positive neurons is given on the y-axis. There was also a larger number of TH-positive neurons surviving in the coculture experiments when all of the inhibitory antibodies were added than when cells from the ventral mesencephalon (DA control) were cultured alone. DPCs express transcripts for several additional potent neurotrophic factors (our unpublished observations) that have been shown to promote the survival of DA neurons in culture. The experiments were performed in triplicate at three different time points. Fig. 3 . DPCs promote the survival of embryonic DA neurons in vitro. TH immunoreactivity was used to visualize DA neurons. The number of THpositive neurons in each experimental group is given as a percentage of the number of TH-positive neurons under the control condition. DA neurons were cocultured either directly or indirectly (using porous cell culture inserts) for up to 21 days. When DPCs were in close proximity to DA neurons and when they were separated and located at a distance of several millimeters from each other, they increased the rate of surviving DA neurons in vitro. The results from the indirect coculture procedure indicate that soluble molecules are released by the DPCs in culture and that they have a survival-promoting effect on DA neurons. The experiments were performed in triplicate and at three different time points. (Fig. 7A±K) . We used different neural markers (PGP 9.5 and b-III tubulin) to characterize the protein expression patterns in these cells. Our results indicate that dental pulp-derived cells having a neuronal morphology express several neuron-speci®c markers. PGP 9.5-positive cells with neuronal morphology (i.e. round cell body with at least three primary neurites) constituted % 3±6% (see Fig. 7F ) of the total number of DPCs in primary cultures of dental pulp and would keep this neuronal morphology for extended periods of time (up to 6 months). S-100-and GFAP-positive cells were also observed in dental pulp cell cultures (potentially Schwann or glial cells). Labeled (PGP 9.5-and b-III tubulin-positive) human DPCs with neuronal morphology were observed in con¯uent cultures of DPCs (Fig. 7D±K) . DPC-derived neurons were not TH-positive under normal culture conditions (not shown).
DPCs survived in a CNS environment
To evaluate survival of DPCs when grafted into a CNS environment, we grafted DPCs into the caudate nucleus. Labeled DPCs (RamonCueto et al., 1998; Nosrat et al., 2001) were grafted into the right side using a stereotactic frame. Animals were killed after 6 weeks. Cells with strong labelling in the nuclei appeared to survive well in the CNS environment for up to 6 weeks and appeared to have spread over considerable distances within the ipsilateral striatum ( Fig. 7L and M, arrows and arrowheads in Fig. 7N ) and many were also found lining the blood vessels (arrows). The stringent labelling protocol and extensive washes we used improved this labelling technique. We only evaluated cells with strong nuclear labelling, indicating intact cells. Dead cells are phagocytized by macrophages and microglia and, therefore, diffuse and weak nuclear and cytoplasmic labelling were regarded as nonspeci®c. DPCs clearly migrated from the injection site in the striatum Fig. 7 . Some dental pulp cells acquired neuronal morphology in culture. (A±C) Rat and (D±K) human DPCs. Cells had clear neuronal morphology (round soma and several primary processes) and were labelled by neuronal markers (PGP 9.5 and b-III tubulin). The arrows in A±C indicate multipolar neurons and the arrowhead in A a putative bipolar neuron. Photographs in A and B were taken 5 months after the cultures were established (PGP 9.5). C was photographed after 2 months (b-III tubulin). These cells have elaborate processes with terminal bulbs. Also note that the cells demonstrate growth cone morphologies with ®lopodial extensions. (D±K) Examples of human DPCs stained with neuronal markers (D, E and G±K, PGP 9.5; F, b-III tubulin). E is a higher magni®cation of the neuron (arrow) with several primary processes in D. (L±M) Rat DPCs survive for extended periods of time in a CNS microenvironment. DPCs were stereotactically injected into the right striatum. Only cells with strong nuclear labelling were considered positive and are shown with arrows and arrowheads in the ®gures. Cells spread distinctly into the surrounding striatal tissue. Note that labelled cells appear to be incorporated into surrounding neuropil (arrowheads) and are also found in the lining of blood vessels (arrows).
to the surrounding neuropil. These results demonstrate that DPCs can endure the grafting procedure, survive in the CNS environment and migrate from the injection site.
Discussion
Dental pulp is derived from the neural crest and has been shown to produce a large number of neurotrophic factors during development such as the neurotrophins and GDNF. DPCs continue to express these factors, in culture, for extended periods Luukko et al., 1997a; Lillesaar et al., 2001) . Signi®-cantly, DPCs have been shown to promote the survival and neurite extension from trigeminal neurons in culture, and to rescue motoneurons in an experimental model of spinal cord injury (Nosrat et al., 2001) . Here, we demonstrate that DPCs promote the survival and dopaminergic phenotype of DA neurons in vitro, protect DA neurons against 6-OHDA in vitro and survive when grafted into CNS. Rat and human DPCs also differentiate into cells with neuronal morphology and protein expression pro®le in vitro.
The dental pulp is the last target tissue in the trigeminal system to become innervated. In rodents, trigeminal nerve ®bers reach the developing teeth during early stages of tooth development, but do not innervate the teeth until postnatal stages (Mohamed & Atkinson, 1983) , coinciding with up-regulation of neurotrophic factor expression by DPCs (Nosrat et al., 1998) . While all neurotrophins, GDNF and NTN are found in the developing rat (Fried et al., 2000) and human (Nosrat et al., 2002b) teeth, only NGF, BDNF and GDNF mRNAs are expressed in the postnatal dental pulp in rats. Neurotrophic factors appear to have different roles in tooth development and innervation (see Fried et al., 2000) . It is noteworthy that they seem to be involved in both tooth development per se and tooth innervation. A good example is NGF. NGF is required for differentiation of cranial neural crest cells into tooth organs, shown by in vitro organ culture studies (Amano et al., 1999) . At the same time, tooth innervation is severely reduced or lost in NGF-or TrkA-knockout mice, respectively (Byers et al., 1997; Matsuo et al., 2001) , and anti-NGF treatment of neonatal rat pups reduces the amount of sensory axons in the dental pulp (Qian & Naftel, 1996) . NGF is up-regulated after experimental tooth injury (Byers et al., 1992) . These indeed indicate different roles for neurotrophic factors in teeth. It has been proposed that GDNF is involved in the regulation of tooth innervation postnatally (Luukko et al., 1997b; Nosrat et al., 1998) , based on its patterns of expression, but there is no experimental evidence to support this notion. The present study establishes that GDNF is retrogradely transported from developing teeth to trigeminal neurons, indicating that it might act as a target-derived neurotrophic factor. While gross tooth morphology appears normal in GDNFknockout mice (Granholm et al., 1997; de Vicente et al., 2002) , detailed analysis has revealed that both odontoblasts and ameloblasts fail to fully develop and differentiate (de Vicente et al., 2002) . Dental pulp innervation could not be assessed in either of these studies because the analysis of GDNF-knockout mice was performed at stages in which the dental pulp had not become innervated. We propose that dental pulp-derived neurotrophic factors play an important role in orchestrating the process of dental pulp innervation.
Exogenous neurotrophic factors are a crucial requirement for in vitro survival of central and peripheral nervous tissues (see Davies, 1994a,b; Rochlin et al., 2000) . Because we did not add any exogenous neurotrophic factors to DA neurons in our culture system, DPCs are plausible candidates for neurotrophic support for these neurons in the coculture system. Although CNS glial cells have been shown to produce neurotrophic factors, for instance in response to injury or in vitro (Engele et al., 1996) , they appear unable to provide enough support for DA neurons in vitro based on the massive loss of DA neurons in the control culture condition. It has been shown that NGF does not in¯uence DA neurons directly; however, inhibitory antibodies to NGF attenuated the number of surviving DA neurons in the antibody-blocking experiment. It is possible that NGF in¯uences DA neurons indirectly by in¯uencing the glial cells that are present in the culture. It has been suggested that the neurotrophic potential of NGF and some other classical neurotrophic factors involves co-operation with other growth factors and cytokines such as members of the transforming growth factor-b family (Bottner et al., 2000; . It has been shown that NGF regulates proliferation and survival of glial cells . Also, the neurotrophic effect of ®broblast growth factors on DA neurons appears to be mediated by mesencephalic glia rather than a direct effect on DA neurons (Engele & Bohn, 1991) . Two sets of experiments in our present work demonstrate that dental pulp cells produce and release soluble factors into the cell culture media. This appears to account for the neurotrophic effect that dental pulp cells have on DA neurons. The ®rst set of experiments identi®ed this by using the coculture arrangement in which the cells were separated by cell-culture inserts. The second set of experiments used inhibitory antibodies to certain neurotrophic factors to identify the possible candidates for this neurotrophic in¯uence on DA neurons. There is some indication in the literature that BDNF and GDNF have additive effects on the survival of DA neurons in culture (for instance see Sautter et al., 1998) . The inhibitory antibody assay was repeated many times to examine whether all the three inhibitory antibodies might have additive effects on DA neuron survival in culture. There are several differences between our culture system and that of Sautter et al. (1998) . We use dissociated cells (in contrast to free-¯oating roller tube cultures). Also, they add only BDNF and GNDF proteins into the cultures while, based on our results from screening for neurotrophic factor production by the dental pulp cells, we have found that dental pulp cells produce many such factors in vitro (not shown). Due to the fact that all of these additional factors have been shown to promote the survival of dopaminergic neurons, the antibody-blocking assay identi®es a few candidates for the neurotrophic in¯uences exerted by DPCs on DA neurons, but several other factors are possibly involved. The possible presence of additional neurotrophic factors seem to protect DA neurons as seen in both BDNF-and GDNF-knockout animals which do not exhibit any apparent loss of DA neurons (Ernfors et al., 1994; Jones et al., 1994; Pichel et al., 1996) . Taken together, our results show that DPCs are responsible for providing neurotrophic support for the sensory neurons, motoneurons and DA neurons. Based on the present results, including the effects of blocking antibodies to NGF, BDNF and GDNF, we propose that dental pulp cells provide a potent cocktail of neurotrophic factors that promote survival and in¯uence axonal morphology of DA neurons in culture.
Cells to be used in cell transplantation therapies in CNS disorders may produce and release neurotransmitters or may produce neurotrophic factors that can counteract degeneration or promote regeneration (see Olson, 1997) . Donor availability and the longevity of DA neurons constitute the major limitations for such therapies (see Borlongan et al., 1999; Bjo Èrklund & Lindvall, 2000) . Generally, long-term functional improvement after cell transplantation therapy is related to the neurotrophic support offered by the grafted tissue rather than mere survival of the grafted cells, including grafted DA neurons (Borlongan et al., 2001; Toledo-Aral et al., 2003) . Several different approaches have been utilized to deliver neurotrophic proteins either directly or indirectly into the CNS (see Brundin et al., 2000) . Interestingly, sustained release of neurotrophic factors by genetically modi®ed cells has proven to be successful (Arenas & Persson, 1994; Arenas et al., 1995) . Other cells and tissues that can also produce neurotrophic factors during development include the developing kidney (Karavanov et al., 1995) , carotid body and Sertoli cells (Skinner, 1993) . These cells and tissues have all been grafted into the brain and have led to functional recovery in animal models of PD (Sanberg et al., 1997; Espejo et al., 1998; Granholm et al., 1998; Othberg et al., 1998; Rosenthal, 1998; Choi-Lundberg & Rosenthal, 1999; Luquin et al., 1999) . The dental pulp is another source of cells not genetically engineered that produce neurotrophic factors.
Dental pulp contains a population of highly proliferative and clonogenic cells that have the capacity to differentiate into odontoblasts when grafted in vivo under certain conditions and also express markers for other cell lineages such as smooth muscles (Gronthos et al., 2000) . The same authors also reported that these dental pulp cells can differentiate into adipocytes, glial or neuronal cells in vitro (Gronthos et al., 2002) . Nestin immunoreactivity indicated neuronal cells while GFAP immunoreactivity indicated glial cells. Nestin, however, is found in many other cell types including odontoblasts (Terling et al., 1995; About et al., 2000) . Positive immunoreactivity for nestin could indicate an odontoblastic cell lineage in cells derived from the dental pulp. Many criteria must be met in order to classify differentiated dental pulp cells as neurons. In a recent study, Miura et al. (2003) used a plethora of different antibodies to provide strong evidence that stem cells derived from exfoliating human deciduous teeth have the capacity to differentiate into neuronal and glial cells in vitro. When grafted into the brain, they appeared to survive and some cells expressed neuronal markers (Miura et al., 2003) . Similarly, we have also grafted dental pulp cells into various regions in the central nervous system (Nosrat et al., 2001; 2002a; present study) and show that DPCs appear to survive for several months in a CNS environment. Our preliminary data also indicate that dental pulp-derived neuronal cells have inward and outward currents under voltage clamp (R.M. Hume and C.A. Nosrat, unpublished observations).
In order to develop successful autologous transplantation therapies for repair and regeneration for the injured nervous system, accessibility of the cells intended for grafting is a very important issue. This type of therapy should preferably use easily accessible tissues from the patient to be treated. If stem cells are to be used, there are several sources already available, such as bone marrow stromal cells (Prockop et al., 2000; Hofstetter et al., 2002) , stem cells from the dermis (Toma et al., 2001 ) and neural crest-derived stem cells Kruger et al., 2002) . Dental pulp constitutes an additional interesting source of cells that could be explored for possible autologous transplantation therapy. A signi®cant quantity of cells could be obtained from a single extracted tooth. There are fewer edentulous patients today and teeth are maintained longer in the elderly population as oral health has signi®cantly improved in the industrial world, including the United States (Oral Health in America: A report of the surgeon general, NIH/NIDCR, 2000). This suggests easily accessible cells that could be used as an autograft source in the growing elderly population where PD is more prevalent.
In conclusion, our results indicate that dental pulp-derived neurotrophic factors act as target-derived neurotrophic factors in the trigeminal system. Dental pulp-derived neurotrophic factors promote the survival of DA neurons and provide neuroprotection for DA neurons against 6-OHDA in vitro. Some DPCs also differentiate into cells with neuronal characteristics.
